Proper lateral dimerization of transmembrane domain of receptor tyrosine kinases is required for biochemical signal transduction across plasma membrane. Spatial structure of dimeric transmembrane domain of the growth factor receptor ErbB2 embedded into lipid bicelle was obtained by solution NMR followed by molecular dynamics relaxation in explicit lipid bilayer. ErbB2 transmembrane segments associate in a right-handed α-helical bundle through the N-terminal tandem GG4-like motif T 652 X 3 S 656 X 3 G 660 , providing explanation for pathogenic power of some oncogenic mutations.
Proper lateral dimerization of transmembrane domain of receptor tyrosine kinases is required for biochemical signal transduction across plasma membrane. Spatial structure of dimeric transmembrane domain of the growth factor receptor ErbB2 embedded into lipid bicelle was obtained by solution NMR followed by molecular dynamics relaxation in explicit lipid bilayer. ErbB2 transmembrane segments associate in a right-handed α-helical bundle through the N-terminal tandem GG4-like motif T 652 X 3 S 656 X 3 G 660 , providing explanation for pathogenic power of some oncogenic mutations.
The epidermal growth factor (EGF) receptor, or ErbB, family is an important class of receptor tyrosine kinases (RTKs) involved in transmission of biochemical signals governing cell fate (1) . Four human ErbB members form numerous homoand heterodimer combinations and bind different EGF-related ligands, thus performing diverse functions in a complex signaling network (2) . The binding of peptide growth factors to the extracellular domain of the receptor triggers the dimerization of receptor monomers or a change in the relative orientation of monomers in preformed receptor dimers, leading to autophosphorylation of tyrosine residues in the cytoplasmic kinase domain (3, 4) . Biochemical and genetic studies revealed that the single-helix transmembrane (TM) domains of ErbB play an active role in dimerization process and associate strongly in the absence of extracellular ligand-binding and cytoplasmic kinase domains (5, 6) . Mutational analysis assumed that the dimerization involves consensus small-X 3 -small (so-called GG4-like) motifs, formed by residues with small side chains allowing tight helix packing (7, 8, 9) . RTK TM sequences often contain several remote GG4-like motifs, suggesting ability of their TM domains to adopt more than one conformation, e.g., upon socalled rotation-coupled activation of the receptor (4, 10, 11) . Recent molecular modeling and solidstate NMR studies performed to predict the spatial structure of dimeric TM domain of human ErbB2 receptor and its rat homologue disclose two possible dimer conformations with interfaces located either at N-or C-terminus of the α-helical TM segment, employing different GG4-like motifs for dimerization (7, (11) (12) (13) . Nevertheless, an experimental spatial structure of dimeric TM domain for ErbB2 as well as for any other RTK members has not been reported so far.
Here we present the high-resolution structure of homodimeric ErbB2 TM domain in membranemimicking lipid environment solved by heteronuclear NMR technique combined with molecular dynamics (MD) relaxation in explicit membrane. Our results distinguish one out of the potential conformations of the homodimer, which can be ascribed to the active state of the tyrosine kinase. Based on the analysis of the local conformation of the dimerization interface, we propose a molecular mechanism of action of some ErbB2 pro-oncogenic mutations, assuming overstabilization of the described TM domain conformation.
EXPERIMENTAL PROCEDURES
Protein expression and purification -The DNA sequence encoding human ErbB2 fragment 641-685 (ErbB2tm) was synthesized from six oligonucleotides via PCR. The TrxA-ErbB2tm fusion protein was constructed by fusing the gene for thioredoxin of E. coli with the N-terminal Histag extension to the gene for ErbB2tm in the pGEMEX1 (Promega, USA) vector. In order to facilitate purification, the His-tag and enterokinase cleavage site were placed between the genes for thioredoxin and ErbB2tm fragment. 15 N longitudinal (T 1 ) and transverse (T 2 ) relaxation times were obtained for the 15 Nlabeled sample as described (16) . The effective rotation correlation times τ R for the individual 15 N nuclei were calculated from T 1 /T 2 ratio using DASHA (17) . The effective molecular mass of the ErbB2tm dimer embedded into the bicelle was estimated according to the empirical dependence (18) (15) . Backbone dihedral angle restraints were also estimated based on the assigned chemical shifts using TALOS program (21) . The 24 slowly (per monomer) exchanging amide protons (Supplemental Fig. S2 ) were assigned as hydrogen bond donors with related hydrogen-acceptor partners on the basis of preliminary structure calculations. Corresponding hydrogen bond restraints were employed in subsequent calculations for (22) . The standard CYANA simulated annealing protocol was applied to 100 random structures, and resulting 12 structures with the lowest target function were selected.
Structure refinement via molecular dynamics relaxation -Constrained energy relaxation of the NMR structure of the ErbB2tm dimer was performed by molecular dynamics in hydrated explicit DMPC bilayer using the GROMACS 3.3.3 package (23) . Protein/lipid system construction and MD protocol are described in the Supplemental Data. The 5-ns MD run for the representative model of the ErbB2tm dimer was carried out with NMR-derived intra-and intermonomeric distance restraints adapted for GROMACS by modifying from proton-proton distance restraints to restraints between carbon atoms and polar protons. Furthermore, two additional MD simulations were performed starting from coordinates of the resulting systems. In the first one, 5-ns continuation MD run without restraints was carried out in order to check the stability of the dimer. The second simulation (1-ns MD with NMR distance restraints followed by 5-ns free molecular dynamics) was done for Val659Glu-mutant ErbB2tm with protonated (uncharged) carboxyl group of Glu 659 in both dimer subunits. Equilibrium parts of MD trajectories (last 2 ns) were analyzed using original software developed by the authors and utilities supplied with the GROMACS package. Hydrophobic properties of α-helices were calculated using the molecular hydrophobicity potential (MHP) approach (see Supplemental Data for details) (24) . The resulting structures of the ErbB2tm dimer were visualized with MOLMOL (25) and PYMOL (www.pymol.org). The contact area between the dimer subunits was calculated using DSSP program (26) as a difference between accessible surface area of ErbB2tm residues in monomer and in the dimer.
RESULTS AND DISCUSSION
Tertiary fold of the ErbB2tm dimer in lipid bicelles -Recombinant 44-residue ErbB2 fragment 641-684 (ErbB2tm), including hydrophobic TM segment flanked by polar N-and C-terminal regions, was solubilized in an aqueous suspension of bicelles consisting of dimyristoylphosphatidylcholine (DMPC) and dihexanoylphosphatidylcholine (DHPC) lipids with deuterated hydrophobic tails using DMPC/DHPC and lipid/protein molar ratios of 0.25 and 35, respectively, and then studied with conventional 15 N/ 13 C-heteronuclear NMR technique. Circular dichroism spectra, recorded to validate the NMR experimental conditions, proved virtually identical for ErbB2tm incorporated into the DMPC/DHPC bicelles and the DMPC unilamellar liposomes (phospholipid bilayer), revealing an α-helical structure of the fragment in the membrane mimetics (Supplemental Fig. S1 ). In addition, observed protein-lipid NOE contacts with polar lipid heads suggested that the fragment spans the hydrophobic phase of the bicelle (Supplemental Fig. S3 ), which therefore mimics the embedding of the ErbB2 TM domain into a double-layer lipid membrane reasonably well. Fig. S4 ) reflecting internal dynamics of the protein backbone were indicative of a stable TM segment 651-677, whereas the flanking N-and C-terminal regions had nearly unrestricted mobility. Overall rotation correlation time estimated from T 1 /T 2 ratio on the TM region is ~17 ns that corresponds well to the molecular weight (~44 kDa) of the ErbB2tm dimer surrounded by ~70 lipid molecules composing a bicelle with effective hydrodynamic radius of 24±2 Å measured by dynamic light scattering (Supplemental Fig. S1 ).
The unique set of intra-and intermonomeric NOE contacts identified in NMR spectra ( Fig. 2B and Supplemental Fig. S2 ) confirmed the helical structure of ErbB2tm in bicelles and directly demonstrated that the TM fragment forms a dimer symmetrical on the NMR time scale with parallel subunits. Therefore, the NMR-derived dihedral angle restraints and both intraand intermonomeric distance restraints were assigned for each subunit that resulted in a dimer with 2-fold symmetry averaged over the ensemble of calculated structures ( Fig. 2A and Supplemental  Fig. S5 ). The representative structure of the ErbB2tm dimer was subjected to energy relaxation by molecular dynamics in explicit hydrated lipid bilayer of DMPC with the experimentally-derived distance restraints that allowed adapting the structure to the explicit membrane. After constrained energy relaxation, the membranespanning α-helices of ErbB2tm cross at the angle θ of -42° with the distance d = 7.7 Å between helix axes, forming a right-handed parallel symmetric dimer tilted slightly from the membrane normal, while the flexible N-and C-termini of ErbB2 are exposed to water (Fig. 2C) . The continuation of molecular dynamics without restraints did not cause considerable change of the dimer structure, indicating its stability in the membrane. A survey of the structural statistics for the final ensemble of the 12 NMR-derived structures of the ErbB2tm dimer and for the representative dimer structure relaxed in the explicit membrane is provided in the Table I .
ErbB2tm dimerization interface -
The helix packing surface of the ErbB2tm dimer is rather polar with some hydrophobic segments on the outer side (Fig. 2D-F) . Being embedded into the DMPC/DHPC bicelles, the ErbB2tm fragment self-associates through a tandem variant of the GG4-like motif T 652 X 3 S 656 X 3 G 660 located in the Nterminal part of the TM helix (Fig. 2C) (Fig. 2D-F) , while slightly polar concave surface of the C-terminal GG4-like motif G 668 X 3 G 672 is exposed to hydrophobic lipid environment ( Fig. 2C-E (Fig. 3A, B) . Besides, the side chain of Ser 656 is sometimes involved in intramonomeric hydrogen bonding with backbone carbonyl group of Thr 652 . The local conformation of the ErbB2tm dimerization interface is asymmetric, however, in the course of MD relaxation a hydrogen bond switching occurs. It is accompanied by a change of the hydrogen bond partners through minor rearrangements, so the dimer would be symmetrical on the NMR time scale. Hence, the (Thr 652 /Ser 656 ) 2 hydrophilic motif in the N-terminal part of the dimerization interface forms a node of switching inter-and intramonomeric hydrogen bonds mediating the ErbB2tm helix packing. The C-terminal TM part of the ErbB2m dimer is stabilized by intermonomeric contacts of the side chains of Leu 663 , Val 664 , and Leu 667 residues, forming a hydrophobic cluster flanked by the aromatic rings of opposite Phe 671 residues participating in intermolecular edge-face stacking interaction (Fig.  3C ). In addition, during MD relaxation of the ErbB2tm dimer in explicit DMPC bilayer, multiple transient intermonomeric interactions of the flexible N-termini were observed especially between strong polar residues Glu 645 and Arg 647 (Fig. 3D) . The existence of such interactions is confirmed experimentally by higher local correlation times compared to the unfolded Ctermini of ErbB2tm (Supplemental Fig. S4D) . Thus, the ErbB2 TM helices surrounded by the lipid bicelle interact via the N-terminal tandem GG4-like motif, whereas the C-terminal GG4-like motif is not employed. Apart from these dimerization motifs, presumably associated with the active and inactive states of the receptor (7, 11) , the ErbB2 TM domain possesses a leucine zipper heptad motif (27) II 655 X 5 IL 662 X 6 V 669 . This potential dimerization site (28) is located on the lipid-exposed surface of the dimer (Fig. 2C-E) , implying a possibility of the ErbB2 TM segment to be involved in additional helix-helix interactions with other partners (e.g., in heterodimers or in higher-order oligomers).
The ErbB2 TM domain conformation and the receptor activity -The structural properties of the ErbB2tm dimer with a flexible network of hydrogen bonds in the dimerization interface appear to enable the ErbB2 TM domain to undergo a conformational switching (4, 11, 12) upon the receptor activity. The described dimeric conformation of the ErbB2 TM domain mediated by the N-terminal GG4-like motif is believed to correspond to the receptor active state (7, 11) . Aberrant activity of ErbB has been implicated in numerous human pathological states, especially in cancer development (2) . As suggested (11, 13, 29) , the Ile655Val single-nucleotide polymorphism associated with increased risk of breast cancer (30) , and the oncogenic polar mutation Val659Glu observed for ErbB2 rat homologue (31) could shift equilibrium between the active and inactive states of the receptor in vivo. According to the obtained structure, both residues participate in dimerization of the ErbB2 TM helices. The Ile655Val variant can excessively stabilize the ErbB2 active dimeric state due to substitution of the bulk side chain of Ile with a smaller one of Val, thus allowing tighter TM helix packing. The Val659Glu mutation can cause the intermonomeric hydrogen bonding of the glutamate side chains with opposite hydroxyl and backbone carbonyl groups or directly with one another that would overstabilize dimerization via the N-terminal TM motif, resulting in uncontrolled receptor activation and subsequent cell transformation. MAS NMR studies of the activated pro-oncogenic mutant of ErbB2 rat homologue revealed that the glutamate carboxyl group was protonated and hydrogen bonded in the dimeric interface of the TM domain (32) . Indeed, MD simulation of the NMR-derived ErbB2tm dimer with substitution of Val 659 side chains by protonated glutamate side chains revealed that the Glu 659 residues can participate in intermonomeric hydrogen bonding without distortion of the helix packing interface (Fig. 3E, F) , i.e. the ErbB2 TM domain configuration corresponding to the receptor active state is preserved and strengthened. Thus, the obtained ErbB2tm dimer structure allows explaining the biochemical and oncogenic properties of the human ErbB2 receptor and provides a basis to control its kinase activity, which is critical in many disease states. However, additional structural studies of the mutant forms of ErbB2 TM domain might prove essential in the search for related therapeutic agents specifically recognizing the TM helices (33) and therefore are in progress now. Fig. 1. NMR 
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